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Spin waves in chiral magnetic materials are strongly influenced by the Dzyaloshinskii-Moriya inter-
action resulting in intriguing phenomena like non-reciprocal magnon propagation and magnetochiral
dichroism. Here, we study the non-reciprocal magnon spectrum of the archetypical chiral magnet
MnSi and its evolution as a function of magnetic field covering the field-polarized and conical helix
phase. Using inelastic neutron scattering, the magnon energies and their spectral weights are de-
termined quantitatively after deconvolution with the instrumental resolution. In the field-polarized
phase the imaginary part of the dynamical susceptibility χ′′(ε,q) is shown to be asymmetric with
respect to wavevectors q longitudinal to the applied magnetic field H, which is a hallmark of chiral
magnetism. In the helimagnetic phase, χ′′(ε,q) becomes increasingly symmetric with decreasing
H due to the formation of helimagnon bands and the activation of additional spinflip and non-
spinflip scattering channels. The neutron spectra are in excellent quantitative agreement with the
low-energy theory of cubic chiral magnets with a single fitting parameter being the damping rate of
spin waves.
This is a pre-print of our paper at https://link.aps.org/doi/10.1103/PhysRevB.97.224403,
© 2018 American Physical Society.
I. INTRODUCTION
The dispersion of spin waves in conventional mag-
netic materials with an inversion center are symmetric
with respect to the wavevector q, ε(q) = ε(−q). Such
an inversion center is however absent in chiral magnets
which implies in general an asymmetric spin wave dis-
persion ε(q) 6= ε(−q).1,2 As a consequence, magnons
with wavevectors q and −q possess different group veloc-
ities giving rise to non-reciprocal magnon propagation,
which has been experimentally demonstrated e.g. us-
ing spin wave spectroscopy on LiFe5O8,3 Cu2OSeO3,4
FeGe and Co-Zn-Mn alloys.5 Similarly, in an inelastic
scattering experiment where a certain wavevector q is
transferred, magnons might be emitted with energy ε(q)
but cannot be absorbed at the same energy, which has
been observed in the chiral magnet MnSi6,7 as well as
in the chiral antiferromagnet α-Cu2V2O7.8 In the pres-
ence of a magnetoelectric coupling, the damping of elec-
tromagnetic waves by non-reciprocal magnons also leads
to magnetochiral dichroism, for example, in Cu2OSeO3
for microwave frequencies.9–12 Here, we demonstrate the
field-dependent development of non-reciprocal spin waves
by combining novel high-resolution neutron spectroscopy
measurements with a well-established theoretical frame-
work.
A material class of particular interest comprises the
cubic chiral magnets with crystal symmetry P213 in-
cluding MnSi, Cu2OSeO3, FeGe, and Fe1−xCoxSi. The
advantage of this class of systems for investigating the
spin dynamics is the relatively high symmetry of the
cubic crystalline environment that considerably restricts
the form of the low-energy theory in the limit of weak
spin-orbit coupling. As a result, practically parameter-
free predictions for the magnon spectrum are available.13
The Dzyaloshinskii-Moriya interaction (DMI) in these
systems not only gives rise to a non-reciprocal magnon
spectrum but also leads to spatially modulated magnetic
ground states, i.e., a helix and a skyrmion lattice.14 The
Bragg scattering of magnons from these periodic mag-
netic textures results in a magnon band structure where
the reciprocal lattice vectors of the associated Brillouin
zone is determined by the DMI.
At the Γ-point of this Brillouin zone various resonances
arise due to the backfolding of the spectrum but only
few of them are magnetically active. In the helimag-
netic phase, there are two magnetic resonances with fi-
nite spectral weight where the mean magnetization pre-
cesses clockwise or counterclockwise.2,15 The skyrmion
lattice phase is characterized by three magnetic reso-
nances including a breathing mode where the mean mag-
netization possesses an oscillating component along the
applied magnetic field.16,17 Quantitative agreement be-
tween theory and experiment was obtained for the mi-
crowave resonances observed in MnSi, Fe1−xCoxSi, and
Cu2OSeO3.18,19
The low-energy magnon band structure of the heli-
magnetic phase for finite wavevectors q was studied in
MnSi at zero field with inelastic neutron scattering by
Janoschek et al..20 However, the obtained spectra were
complex superpositions of magnon dispersions associated
with the presence of multiple domains. The band struc-
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2ture could be resolved by Kugler et al.21 after preparing
a single helimagnetic domain in MnSi using a small po-
larizing magnetic field, and the energies of the observed
helimagnons were in quantitative agreement with the-
ory. MnSi is especially well suited for a study of the
helimagnon band structure because its characteristic en-
ergy scale is on the order of 0.1 meV that can be re-
solved with state-of-the-art neutron spectrometers. For
Cu2OSeO3, in contrast, the typical helimagnon band
widths are an order of magnitude smaller limiting in-
elastic neutron scattering studies to high-energy features
of the magnon spectrum.22 In the field-polarized phase,
early studies of the magnon dispersion23 of MnSi were
not sensitive enough to observe the salient feature of non-
reciprocity. It was however established later by Shirane et
al.6 and recently confirmed by Grigoriev et al.24 and Sato
et al..7 Moreover the non-reciprocity of magnetic excita-
tions was also demonstrated in the paramagnetic phase
of MnSi using polarized neutrons by Roessli et al..25
In the present work, we study the evolution of the
magnon spectrum in MnSi as a function of magnetic field
covering the helimagnetic phase and the field-polarized
phase. Our results illustrate the development of the mag-
netic structure factor across the continuous phase tran-
sition at the critical field Hc2 separating the two phases
elucidating symmetry aspects of the magnon dispersion
and its non-reciprocity. Remarkably, taking the resolu-
tion of the neutron spectrometers into account the full
neutron spectra are quantitatively explained by the the-
ory for cubic chiral magnets using a single fitting param-
eter Γ(H) for each field H characterizing the intrinsic
linewidth of the magnons.
In the following section II we first describe the instru-
ments and the experimental conditions. In section III
we introduce the theoretical framework and provide an
overview over the theoretically expected neutron spec-
tra and their weights. In section IV the experimental
data are presented for various configurations and mag-
netic fields, and we conclude in section V with a discus-
sion.
II. EXPERIMENTAL METHODS
Our experiments were conducted using the cold-
neutron triple-axis spectrometers MIRA26,27 at the
Maier-Leibnitz-Zentrum (MLZ) in Garching, Germany,
and TASP28 at the Paul-Scherrer-Institut in Villigen,
Switzerland (PSI), employing a cylindrical MnSi single-
crystal (r = 5 mm, h = 30 mm) oriented with the [001]
direction along the cylinder axis. All inelastic scans were
performed in the vicinity of the (110) Bragg reflection.
The energy of the incident (Ei) and the scattered (Ef )
neutrons at MIRA and TASP was fixed at Ei = 4.06 meV
and 3.5 meV ≤ Ef ≤ 4.06 meV, respectively. At both in-
struments, a neutron guide defined the divergence of the
neutrons impinging the monochromator. The collimation
before and after the sample was 30’ and 40’ for MIRA and
TASP, respectively, yielding an energy resolution in the
range 37µeV ≤ 4E ≤ 42µeV. Higher order neutrons
were removed by a cooled Be filter.
Before each series of measurements at fixed magnetic
fieldH, the sample was heated above the critical temper-
ature into the paramagnetic phase to remove any history
dependent effects. After cooling down the sample to the
measurement temperature T = 20 K, the magnetic field
H was applied.
For the data analysis, the neutron spectra were de-
convoluted using the open-source29 software package
Takin,30–32 which employs the algorithm by Eckold and
Sobolev33 to calculate the four-dimensional instrumental
resolution function. Using a four-dimensional deconvo-
lution procedure we gain quantitative information from
our experimental data involving not only the magnon en-
ergies, but also their spectral weights. This is especially
important in the vicinity of the phase transition at Hc2
where the helimagnetic bands would otherwise be indis-
tinguishable due to their close proximity to each other in
energy.
III. THEORY OF NEUTRON SCATTERING
CROSS SECTION IN CHIRAL MAGNETS
A. Low-energy theory of cubic chiral magnets
The cubic chiral magnets at low energies are described
by the free energy density13,21 F = F0 +Fdipolar +Fcorr
that depends on the magnetization M = mnˆ with the
amplitude m and the unit vector nˆ. The exchange con-
tribution at low energies is given by34
F0 = ρs
2
[
(∇inˆj)2 − 2kh0nˆ(∇× nˆ)
]− µ0mnˆH (1)
with the exchange stiffness density ρs and the applied
field H. The contribution Fdipolar is due to dipolar inter-
actions and Fcorr is associated with higher-energy correc-
tions. In Ref. 21 the latter term was chosen to be of the
form Fcorr = ρs2 Ak2h (∇
2nˆ)2. At high fields H > Hc2, the
ground state is field-polarized nˆ = H/|H|, and at lower
fields H < Hc2 a conical helix emerges.
For a field applied along the z-axis, the helix is given
by nˆ(z) = (sin θ cos(khz),− sin θ sin(khz), cos θ), and it
is left-handed for the sign of the Dzyaloshinskii-Moriya
interaction (kh0 > 0) chosen in Eq. (1). In zeroth order
in the correction A, the pitch vector kh is determined by
kh = kh0; a finite A slightly renormalizes the value of
kh. The cone angle cos θ = H/Hc2 is determined by the
magnetic field interpolating smoothly between conical
and field-polarized phase. The precessional dynamics of
the magnetization is governed by the equation of motion
∂tnˆ = − gµB~ nˆ×Beff with the effective field Beff = − 1m δFδnˆ
with F =
∫
drF . The stiffness of the magnon disper-
sion is given by D = gµBρs/m = gµBµ0H intc2 /k2h, that
can be expressed in terms of the internal critical field
3H intc2 = Hc2 − Nm with the appropriate demagnetiza-
tion factor N . Our experiments were performed at a
temperature T = 20 K on MnSi where the pitch vector
kh = 0.036 Å−1, the internal critical field µ0H intc2 = 0.53
T, the susceptibility χintcon = m/H intc2 = 0.34 and the
stiffness D = 47.8 meV Å2 with the g-factor g ≈ 2 for
MnSi.20,21 Moreover, the high-energy correction was de-
termined in Ref. 21 to be A = −0.0073.35 This parame-
ter set completely fixes the magnon dispersion providing
a parameter-free prediction as a function of applied field
H.
The differential cross section for inelastic neutron scat-
tering is given by
d2σ
dεdΩ
∝ (1 + nB(ε)) tr{(1− GˆGˆT )χ′′(ε,q)} (2)
where q is the wavevector transfer with respect to a nu-
clear reciprocal lattice vector G with |q|  |G|. The
Bose factor nB ensures that the absorption of magnons
with energy ε is suppressed at low temperatures. The
projection operator PGˆ = 1 − GˆGˆT arises from dipolar
interactions between the neutron spin and the magnetiza-
tion projecting onto the space perpendicular to the unit
vector Gˆ = G/|G|. All our experiments were performed
with respect to Gˆ = (1, 1, 0)/
√
2. We obtain the imagi-
nary part of the susceptibility matrix χ′′ij of the magne-
tization with the help of linear spinwave theory.21,36,37
In principle, the trace in Eq. (2) can be decomposed into
a sum of three contributions consisting of two spinflip
processes and one non-spinflip process. For a neutron-
spin polarized along the magnetic field axis Hˆ = H/|H|
the component HˆTPGˆχ
′′PGˆHˆ describes the non-spinflip
scattering event and does not contribute for H ‖ G as
PGˆHˆ = 0. In the following discussion, it is instructive to
distinguish these processes although in our unpolarized
scattering experiment all of them are added up according
to Eq. (2).
B. Magnon spectrum and spectral weights
The theoretically expected magnon spectrum and the
associated spectral weights are illustrated in Fig. 1 for
the three experimental setups used. In setup 1 and 3
the magnetic field, H ⊥ G, is applied perpendicular to
the nuclear reciprocal lattice vector and H ‖ G in setup
2. The dispersion is shown as a function of the magnon
wavevector q‖ parallel to the applied field for a fixed
wavevector q⊥ perpendicular to H that is |q⊥| = 2.5kh
for setup 1 and 2 and q⊥ = 0 for setup 3. The tem-
perature independent spectral weights from the trace in
Eq. (2) associated with two spinflip scattering processes
and a single non-spinflip process are represented by the
red, green and blue shades, respectively. Whereas the
spectrum of setup 1 and 2 is the same, the weight dis-
tribution differs because the non-spinflip scattering does
not contribute in setup 2 as H ‖ G. The energy transfer
is shown on the vertical axis where positive and negative
energies, respectively, correspond to the creation and ab-
sorption of a magnon by the neutron.
Three representative spectra are shown in Fig. 1 for
each setup: for the helical phase at zero field, the conical
phase at finite field Hint < H intc2 , and the field-polarized
phase for Hint > H intc2 . Below the critical field H intc2 , the
periodic magnetic texture leads to a band structure for
the magnons. However, due to the screw symmetry of the
helix magnon band gaps only appear for a finite perpen-
dicular wavevector q⊥ as otherwise the Bragg scattering
off the periodic magnetization associated with helical or-
dering is inactive.13 For |q⊥| = 2.5kh the lowest three
bands are basically flat at zero field and, in addition, the
weights of the three channels are distributed over various
helimagnon bands.
As the magnetic field increases the weight of the non-
spinflip scattering process in setup 1 decreases and van-
ishes at the critical fieldH intc2 . In the field-polarized phase
only a single magnon branch remains that is only sensi-
tive to spinflip scattering in our setups. This branch cor-
responds to a parabola at low energies that is shifted
by the DMI giving rise to a non-reciprocal spectrum.
Whereas in setup 1 both spinflip scattering channels con-
tribute equally, in setup 2 the weight of this branch is
dominated by a single spinflip process. For vanishing
q⊥ = 0 in setup 3 the band gaps are absent at zero field
and the scattering weight is limited to three distinct heli-
magnon branches, which are centered around the nuclear
Bragg peak (q‖ = 0) and the two magnetic satellite peaks
(q‖ = ±kh) of the static structure factor.
With increasing field the weight of the non-spinflip
contribution again decreases and vanishes in the field-
polarized phase where only a single branch survives. Sim-
ilar to setup 1, both spinflip processes contribute equal
weight to this branch at Hint > H intc2 . Moreover, the
magnon excitations acquire a finite gap at q‖ = ±kh when
the field exceeds H intc2 .
The distribution of spectral weight reflects the
symmetry of the dynamic susceptibility χ′′ij(ε,q) =
−χ′′ji(−ε,−q). Accordingly, the emission of a magnon
with energy ε(q), for example, in one spinflip chan-
nel (red shaded) possesses the same weight as the ab-
sorption of a magnon with energy ε(−q) in the other
spinflip channel (green shaded). In the field-polarized
phase H > Hc2 the spectrum exhibits a pronounced non-
reciprocity, ε(q⊥, q‖) 6= ε(q⊥,−q‖), but only with respect
to the wavevector q‖ longitudinal to the field. Neglect-
ing magnetocrystalline anisotropies, there exists a com-
bined rotation symmetry in spin and real space around
the magnetic field axis ensuring that the magnon energy,
ε(|q⊥|, q‖), only depends on the amplitude but not on
the direction of q⊥.
In the helimagnetically ordered phase, this rotation
symmetry is broken by the magnetic ground state. How-
ever, the helix still possesses the screw symmetry so
that the magnon energy ε(|q⊥|, q‖) still depends only on
the amplitude of q⊥ even for Hint < H intc2 . The non-
4Figure 1. Evolution of the magnon spectrum and spectral weights in a magnetic field H. The three spectra for
each setup represent the helical phase at zero field, the conical phase at intermediate fields, and the field-polarized phase at
µ0Hint > µ0H
int
c2 = 0.53 T. The magnon wavevector q‖ parallel to the field is shown on the horizontal axis while q⊥ ⊥ H is
fixed. Panels (a) and (b) show the spectrum for a fixed |q⊥| = 2.5kh and for an applied field perpendicular and along the
nuclear reciprocal lattice vector G, respectively. Panel (c) shows the spectrum for a fixed q⊥ = 0 and H ⊥ G. The numbers
indicate the observed peaks in Figs. 2 - 4. The theoretically expected spectral weights are represented by the shaded red and
green lines corresponding to spinflip (SF±) scattering and blue lines corresponding to non-spinflip (NSF) scattering processes.
The thickness of the shading scales linearly with the spectral weight except in panel (c) in close proximity to the magnetic
satellites q‖ = ±kh where the spectral weight diverges and the shading instead is scaled logarithmically with the weight. Note
that there is a finite magnon gap in the field-polarized phase that is, however, still small for the chosen field value µ0Hint = 0.61
T.
reciprocity ε(|q⊥|, q‖) 6= ε(|q⊥|,−q‖) is still present at
finite field and materializes, for example in panel (c), as
a shift of the band crossings in the conical phase away
from q‖ = 0. This shift can be attributed to the higher-
energy correction Fcorr and thus becomes less important
at low frequencies.
Finally, at zero magnetic field the helix nˆ(z) =
(cos(khz),− sin(khz), 0) is also invariant with respect to a
pi-rotation of spin and real space around the x-axis which
ensures that ε(|q⊥|, q‖) = ε(|q⊥|,−q‖) so that the spec-
trum becomes reciprocal at H = 0. Whereas the spec-
trum is reciprocal at zero field, the weight distribution
might remain non-reciprocal. For example, in a polarized
neutron scattering experiment with a polarization longi-
tudinal to G the weight distribution for spinflip scatter-
ing processes will be asymmetric in q‖ even for H = 0
(cf. setup 2).
5IV. EXPERIMENTAL RESULTS
A. Helimagnon bands at finite wavevector q⊥ ⊥ H
In order to probe the magnon spectrum at a finite
wavevector q⊥ perpendicular to the applied field, ex-
periments at the instruments MIRA and TASP (see sec-
tion II) were performed with a magnetic field along the
crystallographic [001] and [110]-direction corresponding
to setup 1 with H ⊥ G and setup 2 with H ‖ G, re-
spectively. A finite field was applied in order to prepare
a state with a single magnetic domain only. Measure-
ments were taken at different values of q⊥, see panel (a)
of Figs. 2 and 3. Here we concentrate on the results with
the reduced momentum transfer |q⊥| = 2.5kh and refer
to the supplement38 for the other values. The longitudi-
nal momentum was chosen to be zero so that the obtained
neutron data correspond to cuts through the spectra of
Fig. 1 a and b at q‖ = 0.
The evolution of the spectra with field as measured in
setup 1 is shown in Fig. 2. Panel (b) shows the theoreti-
cally expected weight as a function of field and panel (c)
displays the neutron spectra. The data was collected at
negative energies via absorption of magnons. The green
lines were obtained by a convolution of the theoretical
spectrum with the resolution function of the instrument.
The blue lines indicate the contributions of individual
helimagnon bands whose positions are also indicated by
arrows. In addition, an intrinsic linewidth Γ has been
introduced which is approximated to be the same for all
bands. The linewidth Γ is the single fitting parameter as
all other parameters were taken from previous measure-
ments. At low magnetic fields four helimagnon bands are
resolved. With increasing field, these bands come closer
in energy and start to merge as the critical field Hc2 is
approached. Above the critical field, a single magnon
excitation survives in the field-polarized state.
Fig. 3 shows the corresponding spectra for setup 2
which were collected at positive energy transfer through
emission of magnons. Due to the parallel alignment
H ‖ G the non-spinflip scattering does not contribute.
As a result, the weight of the third band at low fields
is suppressed in comparison to setup 1. The third band
gains importance as the field increases and substantially
contributes to the total weight close to the critical field.
Above Hc2 again only a single magnon mode is detected.
B. Non-reciprocal helimagnon dispersion for q‖ ‖ H
The magnon spectrum for vanishing q⊥ but finite
wavevector q‖ along the field was experimentally probed
with setup 3 at the TASP spectrometer with H applied
along [1¯10] so that H ⊥ G. This configuration corre-
sponds to cuts through the spectra of Fig. 1 c at the
respective values of q‖. As shown in Fig. 4 a, different
values for q‖ were investigated38 and distinguished from
other spectra of non-magnetic origin.39 Here, however,
we concentrate on the magnons at q‖ = ±2.5kh only.
The measured neutron spectra are shown in panels (c)
and (d), and compared with the theoretically expected
spectral weights, which are shown in panel (b). Three
helimagnon branches are observed in panel (c) below
the critical field, H < Hc2. With increasing positive
field, the peaks at positive energy transfer associated
with branches (2) and (3) lose weight whereas branch (1)
gains weight as the critical field is approached. Near Hc2,
branch (1) continuously develops into the magnon excita-
tion of the field-polarized phase. The experimental spec-
trum possesses a strong asymmetry with respect to the
sign of the energy transfer (see peaks (1) and (1’)) that is
intrinsic and cannot be accounted for by the Bose factor
of Eq. (2). This is explicitly demonstrated by measure-
ments with reversed transferred momentum q‖ as shown
in sub-panels c4 and d4. Instead of peak (1) at positive
energy transfer, a strong magnon peak (1’) appears at
negative energy transfer confirming the non-reciprocity
of the spectrum.
The non-reciprocity of the dynamic structure factor
becomes also apparent after reversing the magnetic field.
The reversal of H effectively inverts the magnon spec-
trum ε(q‖) → ε(−q‖) and also reshuffles the spectral
weight. In panel (d) the neutron spectra are shown for
negative fields that are to be compared with the results
of panel (c). Non-reciprocity is only expected at finite
fields. However, for µ0Hint = −260 mT the spectrum is
already clearly distinct from the one at positive field. The
branch (2) has the largest spectral weight atH = 0. With
increasing field its weight, however, decreases and the
branch (3) gains in importance. It is this latter branch
that now continuously connects with the magnon mode of
the field-polarized phase. The degree of non-reciprocity
of the neutron spectrum increases with increasing |H|
and is particularly pronounced for |H| > Hc2.
V. DISCUSSION
We investigated the magnon spectrum of MnSi for var-
ious values of the magnetic field covering the helimagnet-
ically ordered as well as the field-polarized phase using
inelastic neutron scattering. For all investigated values
of the magnetic field we find excellent quantitative agree-
ment between the experimental neutron scattering data
and theory after convolution with the instrumental reso-
lution function;30–32 the resulting quantitative theoreti-
cal spectra are shown as green lines in Figs. 2 c, 3 c and 4
c,d. Remarkably, both the dispersion ε(q) of the magnon
resonances as well as their spectral weights agree with
parameter-free theoretical predictions. All parameters of
the low-energy theory, see section III, were determined
by previous measurements.
After taking into account the full four-dimensional in-
strumental resolution function, the quantitative compari-
son between theory and experiment allowed us to extract
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also a field-dependent linewidth Γ(H) (HWHM) of the
resonances, which is the single fitting parameter neces-
sary for the quantitative description of the experimental
structure factor. A single value Γ(H) was sufficient to
describe the data of all magnon resonances for a given
setup sufficiently well. Interestingly, for setup 3, i.e., for
vanishing q⊥ = 0 the linewidth turned out to be neg-
ligible within the instrumental resolution. For setups 1
and 2, e.g., for |q⊥| = 2.5kh we obtained, however, fi-
nite values for Γ hinting at a strong dependence of the
magnon lifetime on the wavevector q⊥ perpendicular to
the applied magnetic field.
The finite values for Γ fitted to the data of setups 1 and
2 are summarized in Fig. 5. Values of approximately Γ ∼
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Figure 4. Non-reciprocal helimagnon dispersion at finite q‖. Panel (a): Data was collected at different transferred
momenta q‖ (blue dots) longitudinal to the applied magnetic field. The red dot shows the position of the nuclear Bragg
reflection Gˆ = 1√
2
(110) with H ⊥ G. The green dots indicate the positions of the magnetic Bragg peaks of helimagnetic order.
Panel (b): Field-dependence of the theoretically expected weight at q⊥ = 0 and q‖ = 2.5kh corresponding to cuts through the
spectra of Fig. 1 c. For unpolarized neutrons, the weight at zero field is the same for positive and negative energy transfer
whereas non-reciprocity develops for finite H. Panel (c): The experimental data (dots) for different positive magnetic fields
and a comparison with theory (green lines) after convolution with the experimental resolution. Three branches are detected in
the helimagnetically ordered phase whereas a single branch is present in the field-polarized phase for µ0Hint > µ0H intc2 = 530
mT (arrows). Panel (d): Experimental data for different negative magnetic fields. Comparison with panel (c) demonstrates
the non-reciprocity of the spectrum under reversal of H. The non-reciprocity with respect to q‖ is also explicitly demonstrated
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35 µeV were found in the helimagnetically ordered phase
and larger values Γ ∼ 85 µeV in the field-polarized phase.
For typical magnon energies of ε ∼ 0.2 meV and ε ∼ 0.4
meV in the helimagnetic and field-polarized phase, re-
spectively, this corresponds to an effective damping pa-
rameter α = Γ/ε of approximately 0.17 and 0.21. These
values for α are roughly a factor of three larger than the
findings of Schwarze et al.18 using magnetic resonance
measurements, i.e., for spinwave excitations at q = 0.
This is not unexpected as the phase space for magnon
decay increases with increasing wavevector. Our findings
suggests that the decay rate especially increases with the
wavevector q⊥ pointing in a direction perpendicular to
the magnetic field. The lifetime of the spinwave modes
probed in our experiments, in contrast to the uniform res-
onances, should be determined mostly by intrinsic effects
like magnon-magnon interactions. We are not aware of
any investigation of the magnon lifetime in chiral mag-
nets, e.g., within the framework of non-linear spinwave
theory so that our results for Γ with its strong depen-
dence on q⊥ should be clarified in future theoretical stud-
ies.
Nevertheless, such a detailed theoretical understand-
ing of the experimentally observed magnon dispersion
and spectral weights as presented in this work is un-
precedented for chiral magnets in general and, in par-
ticular, for MnSi. Previous neutron scattering studies
that considered the low-energy properties of chiral spin-
waves were often limited to the field-polarized phase and
analyzed only the dispersion but not the spectral weight
of the resonances.6,7,23,24 Other works that investigated
the spinwaves in the helical and conical phase were not
able to resolve the helimagnon band structure.6,20,22 Ku-
gler et al.21 succeeded to resolve single helimagnon bands
at small fields and also described their dispersion theo-
retically but not their spectral weights. Our results for
H  Hc2 are fully consistent with the data of Ref. 21.
In conclusion, using inelastic neutron scattering we
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Figure 5. Magnon linewidth Γ. The values of the half-
width at half-maximum (HWHM) were obtained from fitting
the spectra of setups 1 and 2 at different transferred momenta
q⊥ and q‖ = 0.
have investigated the evolution of the band structure
of the helimagnons in MnSi and the emergence of non-
reciprocity as a function of the magnetic field H and the
sign of the momentum transfer q covering the helical,
conical helix and the field-polarized phases. The ob-
served dispersion of the spinwaves as well as their spectral
weights are quantitatively explained by the low-energy
theory of chiral magnets consisting of the symmetric ex-
change, Dzyaloshinskii-Moriya, Zeeman, and dipolar en-
ergies. These results set the stage for future explorations
of the magnetization dynamics associated with the re-
maining phase in the phase diagram of chiral magnets
housing the topological skyrmion crystal40–42 as well as
with the enigmatic non-Fermi liquid regime in the para-
magnetic phase of MnSi at high pressures.43
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I. EXPERIMENTAL DATA
We have indicated in the insets of panels (a) of Figs.
2, 3, and 4 of the main text the positions in reciprocal
space where the magnetic excitation spectra have been
measured. In the following we show these measurements
and compare them with the convoluted magnetic cross
section of the helimagnon model.
Figs. 1 – 5 show constant-q scans as measured using
setup 1 (see Fig. 1 a in the main text) for reduced mo-
mentum transfers 1.75 kh ≤ |q⊥| ≤ 2.8 kh. Figs. 6 and 7
depict constant-q scans as measured using setup 2 (Fig.
1 b in the main text) for |q⊥| = 2 kh and |q⊥| = 2.25 kh,
respectively. In addition, Figs. 8 and 9 show constant-q
scans collected using setup 3 (Fig. 1 c in the main text)
for |q‖| = 2.2 kh and |q‖| = 2.75 kh, respectively. Fig. 10
shows a constant-energy scan for an energy transfer of
ε = 0.3meV performed using setup 3, illustrating the
asymmetry of the magnon spectrum. Here, a transverse-
acoustic (TA) phonon branch (cf. Ref. 1) was also ob-
served. It was excluded for data analysis of the magnons.
In all figures, the experimental data are given as
black and orange points, with black signifying the he-
limagnetic/conical phase and orange the field-polarized
phase. The convolution integrals of the theoretical dy-
namical structure factor and the full four-dimensional
instrumental resolution function2 are given as green
lines. Resolution-corrected contributions of individual
helimagnon bands are indicated as blue lines. Note that
the lines can appear jittery due to the Monte-Carlo ap-
proach towards solving the convolution integral. Details
on the calculations and data treatment software are pro-
vided in Refs. 3–5.
In the constant-q scans for fields µ0Hint = 87 mT and
261 mT in setup 3 (Fig. 8) the sharp and intense signal
at small energy transfer E ' 0.025meV was identified
as a Bragg tail caused by the close proximity of the re-
duced momentum transfer |q‖| = 2.2 kh to one of the
magnetic satellite reflections. Due to its clear separation
from the magnon peaks, the Bragg tail caused no com-
plications during the course of the data analysis. For all
other scans at larger momentum transfer |q‖| > 2.2 kh no
Bragg tail was observed. Additional intensity was mea-
sured in some configurations for magnon energy loss of
the (1’) mode than is predicted by theory (see, e.g., the
lower-right panel of Fig. 8). This effect is no spurious
Bragg tail as it is visible in the non-focusing direction of
the spectrometer and warrants a further investigation in
a future study. In Fig. 3 a spurious signal caused by nu-
clear scattering from the sample environment is visible.
These non-magnetic spurions posed no further problems
for data analysis as they could be easily separated from
the magnetic signals of interest.
II. THEORETICAL ANALYSIS
For the evaluation of the dynamical susceptibility
χ′′(ε,q) that enters the scattering cross section of Eq. (2)
of the main text, we employed the linear spinwave ap-
proximation of the theory presented in the context of
Eq. (1) of the main text. Details of the calculations in
the helimagnetically ordered phase were presented in the
supplement of Ref. 6 as well as in Ref. 7, see also the
review of Ref. 8.
The magnon spectrum in the field-polarized phase,
H > Hc2, can be obtained in closed-form and reads for a
left-handed magnetic system8
ε(q) = −2Dkh0q‖ +
((
D
(
q2 +A q
4
kh
)
+ gµBµ0Hint
)
(
D
(
q2 +A q
4
kh
)
+ gµBµ0Hint +
gµBµ0mq
2
⊥
q2
))1/2
.
(1)
For the momentum we use the abbreviations q = |q| and
q⊥ = |q⊥|, where q⊥ is perpendicular toHint. Here,Hint
designates the internal magnetic field. q‖ = Hˆq is the
component of the wavevector q that is along the magnetic
field. Note that q‖ can assume negative or positive values
depending on the orientation of Hint with respect to q.
The other parameters are defined in the main text.
The spectrum is non-reciprocal due to the first term
that depends on the sign of q‖. Neglecting the higher-
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2energy correction A, the spectrum for a wavevector along
the magnetic field q = q‖Hˆ reduces to the shifted
parabola, ε(q‖) ≈ D(q‖− kh0)2+ gµBµ0Hint−Dk2h0 that
becomes gapless at the critical field gµBµ0H intc2 = Dk2h0.
A small but finiteA slightly renormalizes the parameters.
The theoretical field-dependent spectra for all em-
ployed setups are depicted in Fig. 11. The figure amends
Fig. 1 of the main text with additional plots at several
more field magnitudes.
A technical note on the implementation: While the full
dispersion branches for E > 0 and E < 0 are directly ob-
tained in closed form for the field polarized phase, the
model for the helimagnon phase as given in 6 and 7 orig-
inally only calculated the dispersion branches for E > 0.
We modified it to calculate the branches with respect
to E < 0 by formally turning the field direction by 180
degrees in the code.
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Figure 1. Field dependence of the helimagnon bands for |q⊥| = 1.75 kh and q‖ = 0 as measured with H ⊥ G (Setup 1).
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Figure 2. Field dependence of the helimagnon bands for |q⊥| = 2.00 kh and q‖ = 0 as measured with H ⊥ G (Setup 1).
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Figure 3. Field dependence of the helimagnon bands for |q⊥| = 2.25 kh and q‖ = 0 as measured with H ⊥ G (Setup 1). A
spurious, non-magnetic peak is observed at the border of the scan range (see text).
 0
 1
1'
2'
3'
4'
in
co
h.
Setup 1, MIRA
q⟂ = 2.65 kh
µ0Hint = 0.23 T
S 
(a
.u
.)
1'
2'
3'
4'
in
co
h.
q⟂ = 2.65 kh
µ0Hint = 0.39 T
 0
 1
-0.6-0.4-0.2 0
1' 2'
3'
4'
in
co
h.
q⟂ = 2.65 kh
µ0Hint = 0.44 T
S 
(a
.u
.)
E (meV)
-0.6-0.4-0.2 0
fp
in
co
h.
q⟂ = 2.65 kh
µ0Hint = 0.64 T
E (meV)
Figure 4. Field dependence of the helimagnon bands for |q⊥| = 2.65 kh and q‖ = 0 as measured with H ⊥ G (Setup 1).
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Figure 5. Field dependence of the helimagnon bands for |q⊥| = 2.80 kh and q‖ = 0 as measured with H ⊥ G (Setup 1).
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Figure 6. Field dependence of the helimagnon bands for |q⊥| = 2.00 kh and q‖ = 0 as measured with H ‖ G (Setup 2).
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Figure 7. Field dependence of the helimagnon bands for |q⊥| = 2.25 kh and q‖ = 0 as measured with H ‖ G (Setup 2).
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Figure 8. Field dependence of the helimagnon modes for |q‖| = 2.2 kh and q⊥ = 0 as measured with H ⊥ G (Setup 3). In the
top-left panel (Hint = 87 mT), the intensity of three data points in the interval 0 ≤ E ≤ 0.05meV is outside the depicted plot
range, they constitute a spurious Bragg tail (see text), which is marked with “BT” and an arrow. The plots have been shifted
by multiples of 400 units in the individual panels.
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Figure 9. Field dependence of the helimagnon modes for |q‖| = 2.75 kh and q⊥ = 0 as measured with H ⊥ G (Setup 3). The
plots have been shifted by multiples of 400 units in the individual panels.
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Figure 10. Field dependence of the non-reciprocal spin waves in the field-polarized phase for ε(q) = 0.3meV measured
with H ⊥ G (Setup 3). The left panel shows the convolution integral of the theoretical dynamical structure factor and the
instrumental resolution function (blurred circle). The experimental results are depicted in the right panel. Here, two magnon
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8Figure 11. The field dependence of the three setups as predicted by helimagnon theory. It amends the magnon spectra shown
in the main paper in Fig. 1.
